We present the concept of enhanced transduction for polymer photonic crystal lasers by deposition of an additional polymer layer with selective gas response. We report a significant increase in sensitivity to changes in gas concentration.
Introduction
Photonic crystals (PhCs) offer unprecedented nano-scale control of light, having been shown to steer, slow and/or prevent electromagnetic propagation. As such, PhCs have been widely investigated for sensing applications in a number of different architectures [1, 2] , with one configuration in particular -the PhC cavity -generating considerable research interest in recent years [3] [4] [5] . PhC intra-cavity sensing designs generally rely on detecting the changes in effective refractive index (ERI) of a liquid analyte [6] ; however, detecting changes in a gas is difficult with refractive index-based schemes as the variations in gas indices are very small when compared to liquids. In this work we report a polymer-based PhC intra-cavity sensing approach that utilizes an additional absorptive polymer layer that selectively expands when exposed to specific contents in a gas. We present a numerical and experimental study that demonstrates large changes in ERI with changes in gas composition due to the additional absorptive polymer layer. The findings conclude that an adequately enhanced transduction of PhC intra-cavity sensor devices is readily plausible, laying the groundwork to significantly optimize and broaden their functionality as detectors. Superimposed are E-field profiles of the 0th modes for the cases before (solid) and after (dotted) the polymer layer expansion.
Concept
Figure 1 (a)-(c) illustrates the operating principle of the device. An additional polymer layer, deposited by polymerization in a pulsed AC plasma [7] , covers the device surface after the initial fabrication. The polymer layer maintains a similar refractive index throughout its volume as it expands with exposure to a specific vapor, resulting in a dramatic shift of the device's ERI. The additional layer can be tailored to selectively respond to specific gasese.g. poly(styrene) (PS) has a high response to unpolar compounds such as heptane and low response to polar compounds such as water; poly(vinyl pyrrolidone) (PVP) the opposite. The devices include PhC band-edge lasers with rectangular lattice [8] formed in a polymer-based platform made with nanoimprint technology [9] . Polymer PhC lasers have previously been shown to respond to changes in refractive index of an optofluidic cladding as an intra-cavity sensor [10] .
Results
Our numerical study considers the geometry shown in Fig. 1 (d) , solving for mode profiles of the four-layer system. The PhC layer is treated as a uniform slab with an ERI n PhC :=:1.562 and thickness T PhC :=:375:nm. The refractive indices for air and the substrate are n air :=:1.000 and n subs :=:1.462 respectively, while their thicknesses extend to infinity. The polymer layer refractive index is approximated to remain close to its original value (n PS :=:1.590; n PVP :=:1.530) as the added volume is composed of absorbed vapor in its condensed state (e.g. ethanol: n:=:1.362).
We study the effect of expanding the additional polymer layer by 15% of its initial volume. The polymer layer thickness before its expansion is T Pol :=:138:nm. ); estimating an upper limit of refractive index change in the gas, Δn fluid :=:6×10 -4 , this results in a sensitivity, Δλ/Δn fluid , exceeding 350:nm/RIU. This value compares favorably with other liquid-based PhC intra-cavity sensors [3] [4] [5] . Figure 2 (b) displays a numerical optimisation of the deposition thickness of the additional polymer layer, plotting the change in ERI of the system versus varying the pre-exposed polymer layer thickness. The optimal thickness of the deposited layer to achieve maximum change in ERI, Δn eff , is 138:nm, corresponding to a wavelength shift of Δλ:=:0.48:nm. The refractive index of the polymer layer in the calculation is n pol :=:1.5. In conclusion, we present a concept for enhanced transduction of polymer-based PhC band-edge lasers for intracavity sensing of gases by deposition of an additional select-absorptive polymer layer. The enhancement is achieved by the expansion of the additional polymer causing an increase in the device's ERI. This work is highly relevant for applications such as threat detection, environmental monitoring and bio-sensing.
